Evaporation is a crucial flux in the hydrological cycle and links the water and energy balance of 12 a catchment. The Budyko framework is often used to provide a first order estimate of 13 evaporation, as it is a straightforward model with only rainfall and potential evaporation as 14 required input. Many researchers have improved the Budyko framework by including more 15 physics and catchment characteristics into the original equation. However, the parameterization 16 of these improved Budyko models is not so straightforward, data demanding, and requires local 17 knowledge that is difficult to obtain at the global scale. In this paper we present an improvement 18 of the previously presented Gerrits' model ("Analytical derivation of the Budyko curve based on 19 rainfall characteristics and a simple evaporation model" in Gerrits et al, 2009 WRR), whereby 20 total evaporation is calculated on the basis of simple interception and transpiration thresholds in 21 combination with measurable parameters like rainfall dynamics and storage availability from 22 remotely sensed data sources. While Gerrits' model was previously investigated for 10 23 catchments with different climate conditions and where some parameters were assumed to be 24 constant, in this study we applied the model at the global scale and fed the model with remotely 25 sensed input data. The output of the model has been compared to two complex land-surface 26 models, STEAM and GLEAM, as well as the database of Landflux-EVAL. Our results show that 27 total evaporation estimated by Gerrits' model is in good agreement with Landflux-EVAL, 28 STEAM and GLEAM. The results also show that Gerrits' model underestimates interception in 29 comparison to STEAM and overestimates it in comparison to GLEAM, whereas the opposite is 30 found for transpiration. Errors in interception can partly be explained by differences in the 31 definition of interception that successively introduce errors in the calculation of transpiration.
Introduction
Budyko curves are used as a first order estimate of annual evaporation in terms of annual 1 precipitation and potential evaporation. If the available energy is sufficient to evaporate the 2 available moisture, annual evaporation can approach annual precipitation (water-limited 3 situation). If the available energy is not sufficient, annual evaporation can approach potential 4 evaporation (energy-limited situation). Using the water balance and the energy balance and by 5 applying the definition of the aridity index and Bowen ratio, the Budyko framework can be 6 described as (Arora, 2002) :
with annual evaporation [L/T], annual precipitation [L/T], the evaporation ratio [-] , and capacity) is derived from time series of rainfall and potential evaporation, plus a long-term 1 runoff coefficient. These input time series can be obtained locally (e.g., de Boer-Euser et al.
2
(2016)), but can also be derived from remotely sensed data as shown by Wang-Erlandsson et al. 3 (2016), allowing us to apply the method at the global scale and incorporate it in the Gerrits' 4 model. 5 Next to using the method of Gao et al (2014) to globally estimate the maximum soil water 6 storage ( , ), we also tested a method to derive the interception storage capacity ( ) from 7 remotely sensed data. These two parameters are required to make a first order estimate of total 8 evaporation, and to partition this into interception evaporation and transpiration as well. The 9 outcome is compared to more complex land-surface-atmosphere models. Furthermore, the model 10 results will be related to the Budyko framework for a better understanding of the partitioning of 11 evaporation into transpiration and interception. 12
Methodology

13
Total evaporation ( ) may be partitioned as follows (Shuttleworth, 1993) :
in which is interception evaporation, is transpiration, is evaporation from water bodies 15 and is evaporation from the soil, all with dimension . In this definition, interception is 16 the amount of evaporation from any wet surface including canopy, understory, forest floor, and 17 the top layer of the soil. Soil evaporation is defined as evaporation of the moisture in the soil that 18 is connected to the root zone (de Groen and Savenije, 2006) and therefore is different from 19 evaporation of the top layer of the soil (several millimeters of soil depth, which is here 20 considered as part of the interception evaporation). Hence interception evaporation is the fast 21 feedback of moisture to the atmosphere within a day from the rainfall event and soil evaporation 22 is evaporation from the non-superficial soil constrained by soil moisture storage in the root zone. 
where is direct feedback from short term moisture storage on vegetation, ground, and top 27 layer, and is evaporation from soil moisture storage in the root zone.
28
For modelling evaporation, it is important to consider that interception and transpiration have 29 different time scales (i.e. the stock divided by the evaporative flux) (Blyth and Harding, 2011) .
30
With a stock of a few millimeters and the evaporative flux of a few millimeters per day,
31
interception has a time scale in the order of one day (Dolman and Gregory, 1992; Gerrits et al., 32 2007 Gerrits et al., 32 , 2009 Savenije, 2004; Scott et al., 1995) . In the case of transpiration, the stock amounts to 33 tens to hundreds of millimeteres and the evaporative flux to a few millimeters per day (Baird and model, it is successively assumed that interception and transpiration can be modelled as 1 threshold processes at the daily and monthly time scale, respectively. Rainfall characteristics are 2 successively used to temporally upscale from daily to monthly, and from monthly to annual. A 3 full description of the derivation and assumptions can be found in Gerrits et al. (2009) . Here, we 4 only summarize the relevant equations ( Gerrits' model considers evaporation from interception as a threshold process at the daily time 9 scale (Eq. (4), Table 2 ). Daily interception ( , ), then, is upscaled to monthly interception ( , ,
10
Eq. (5), Table 2 ) by considering the frequency distribution of rainfall on a rain day ( -parameter) 11 and subsequently to annual interception ( , , Eq. (6), Table 2 ) by considering the frequency 12 distribution of rainfall in a rain month ( -parameter) (see de Groen and Savenije (2006) ,
13
Gerrits et al. (2009)). A rain day is defined as a day with more than 0.1 mm day -1 of rain and a 14 rain month is a month with more than 2 mm month -1 of rain. many studies show that the storage capacity is not changing significantly between the leafed and 23 leafless period (e.g., Leyton et al., 1967; Dolman, 1987; Rutter et al., 1975) . Especially, once 24 interception is defined in a broad sense that it includes all evaporation from the canopy, 25 understory, forest floor, and the top layer of the soil: leaves that are dropped from the canopy 26 remain their interception capacity as they are on the forest floor in the leafless period.
27
Furthermore, Gerrits et al (2010) showed with a Rutter-like model that interception is more 28 sensitive to the rainfall pattern than by the storage capacity. This was confirmed by Miralles et 29 al. (2010) . Hence, in interception modelling, the value of the storage capacity is of minor 30 concern, and its seasonality is incorporated in the temporal rainfall patterns.
31
The daily interception storage capacity should be seen as the maximum interception capacity 32 within one day, including the (partly) emptying and filling of the storage between events per day, however, such adjustments will not be necessary, or small enough that they can be neglected". In our interpretation, this is because the number of times the interception storage can be filled and 1 completely emptied is limited once we assume a drying time of a couple of hours (e.g., 4), which 2 is common (Wang-Erlandsson et al., 2014) .
3 For = 1, the interception storage capacity can be estimated from Von Hoyningen-Huene 4 (1981), which is obtained for a series of crops based on the leaf area index (LAI) (de Jong and 5 Jetten, 2007) (Eq. (10), Table 2 ). Since the storage capacity of the forest floor is not directly 6 related to LAI, it could be said that the 0.935 mm in Eq. (10) is sort of the storage capacity of the 7 forest floor. Since this equation was developed for crops, it is likely that it underestimates 8 interception by forests with a denser understory and forest floor interception capacity. 9
Transpiration
10
Transpiration is considered as a threshold process at the monthly time scale ( , (mm month -1 ),
11
Eq. (7), Table 2 ) and successively is upscaled to annual transpiration ( , (mm year -1 ), Eq. (8),
12
Table 2) by considering the frequency distribution of the net monthly rainfall ( , = − , ) 13 expressed with the parameter . To estimate the monthly and annual transpiration, two 14 parameters and are required. is the initial soil moisture or carryover value (mm month -1 ) 15 and is dimensionless and described as Eq. (15), where the dimensionless is obtained by Eq. Shuttleworth, 1993). In this study, we assumed to be 0.5 as this value is commonly used for 23 many crops (Allen et al., 1998) . Furthermore, we assumed that the monthly carry over could 24 be estimated by Eq. (18) and in this study, we assumed = 0.2 which gave the best global 25 results for all land classes. In the sensitivity analysis both the sensitivity of and towards total 26 evaporation will be investigated. In reality, most plants encounter more resistance (crop resistance) than grass, hence we used Eq.
5
(17), Table 2 ( Fredlund et al., 2012) to convert potential evaporation of reference grass ( ) to 6 potential transpiration of a certain crop depending on the LAI (i.e. the transpiration threshold 7 , [mm month -1 ]). Furthermore, similar to the daily interception threshold, we took a constant 8 , , which can be problematic in energy-constrained areas. However, in those areas often 9 temperature and radiation follow a sinusoidal pattern without complex double seasonality as e.g.,
10
occurs in the ITCZ. This implies that the overestimation of , in winter will be compensated 11 (on the annual time scale) by the underestimation in summer time. By means of a sensitivity 12 analysis the effect of a constant , will be investigated. 
In these equations, is evaporation of the benchmark models to which Gerrits' model is plotted at unit distance from the origin along the horizontal axis (Taylor, 2001 shows that the RMSE is less and the correlation is higher and therefore, the models are in more 3 reasonable agreement. is similar to that of the benchmark models. Figure 1a demonstrates that, as expected, the highest 9 annual evaporation (sum of interception evaporation and transpiration) occurs in tropical 10 evergreen broadleaf forests and the lowest rate occurs in the barren and sparsely vegetated desert 11 regions. Total evaporation varies between almost zero in arid regions to more than 1500 mm 12
year -1 in the tropics.
13
As can be seen in Figure 1 there exist also large differences between STEAM, GLEAM, and and rain months especially for the higher rates of precipitation can be a probable reason for the 17 poor performance of a model especially for the forests with the highest amount of precipitation.
18
In Sect. 5.5 we will elaborate on the sensitivity of these parameters on the global scale.
19
The contribution of mean annual evaporation per land cover type from Gerrits' model and other 20 products, as well as RMSE, MBE and RE are shown in Table 3 . Globally, mean annual 21 evaporation estimated (for the overlapped pixels with 1.5°×1.5° resolution) by Gerrits' model, is partly similar to that of STEAM and GLEAM. In the tropics, with high amounts of annual 6 precipitation and high storage capacities due to the dense vegetation (evergreen broadleaf forests 7 and savannas), annual interception shows the highest values. transpiration occurs in evergreen broadleaf forests with the highest amount of precipitation and 23 dense vegetation (see also Table 5 ). Figure 5c shows that GLEAM, in comparison to Gerrits' 24 model, overestimates the transpiration in some regions and especially in the tropics in South
25
America and Central Africa. Figure 5b also shows that STEAM is different from Gerrits' model 26 over some regions like India, western China, and North America as well as in the tropics. Table   27 5 (MBE and RE) also indicates that Gerrits' model underestimates transpiration in comparison to 28 GLEAM and overestimates in comparison to STEAM. The Taylor diagram (Fig. 6) shows that 29 the global annual transpiration of Gerrits' model is closer to that of GLEAM than STEAM.
30
Representing that the Gerrits' model is in a more reasonable agreement to GLEAM for 31 transpiration estimation. In our sensitivity analysis we investigated the sensitivity of the three parameters that are related 20 to transpiration (constants and , and threshold , ), and the effect of the number of rain days 21 and rain months on the total evaporation calculation. All parameters were in-and decreased by 22 10%. The analysis shows that the model is not too sensitive to parameter , where a ±10% 23 change in leads to a minor ±0.4% change in (See Fig. 10.a) . Thus, the model is insensitive to 24 changes in parameter . Similar results were found for parameter b, where a ±10% change in 25 resulted only in a ±3.5% change in (Fig. 10.b ). Moreover, a ±10% change in both , and 26 , leads to a ±2.2 change in (Fig. 10.c and 10.d) . The most sensitive parameter is , , where 27 a ±10% change in , resulted in a ±4% change in (Fig. 10.e ). In conclusion, , and are 28 the most sensitive parameters for the estimation of ; however, it seems that the sensitivity is not 29 that much different per land class. Except for grasslands and shrublands, which may arise from 30 the underestimation of interception in Gerrits' model for short vegetation. This underestimation 31 is obtained because the relation between and LAI might not be valid for short vegetation.
32
This also might be due to the wide range of gridded points belong to grasslands and shrublands 33 as shown by the density plot of versus in Figure 11 . 34
Conclusion
In the current study, we revised and applied a simple evaporation model proposed by Gerrits et was derived for crops, it is likely an underestimation. Therefore, a better estimation of to has been done by taking yearly averages for the interception ( , , mm day -1 ) and transpiration 1 threshold ( , , mm month -1 ) in combination with the temporal distribution functions for daily 2 and monthly (net) rainfall. Hence, the seasonality is incorporated in the temporal rainfall 3 patterns, and not in the evaporation thresholds. This is a limitation of the currently used approach 4 and could be the focus of a new study by investigating how seasonal fluctuating thresholds 5 (based on LAI and/or a simple cosine function) would affect the results. This could be a 6 significant methodological improvement of the Gerrits' model, but will have mathematical 7 implications on the analytical model derivation. It will improve the monthly evaporation 8 estimates, but we expect that the consequences at the annual time scale (which is the focus of the 9 current paper) will be less severe. -4) , 117-131, doi:10.1016/j.jhydrol.2008.07.021, 2008. 8 Zhu, Z., Bi, J., Pan, Y., Ganguly, S., Anav, A., Xu, L., Samanta, A., Piao, S., Nemani, R. R. and Description , = min ( , , ) (4) , : daily interception (mm day -1 ), : daily precipitation (mm day -1 ), , : the daily interception threshold (mm day -1 ) , = (1 − exp (−∅ , )) (5) , : monthly interception (mm month -1 ), : monthly rainfall (mm month -1 ), ∅ , : a sort of aridity index for interception at monthly scale , = (1 − 2∅ 0 (2√∅ , ) − 2√∅ , 1 (2√∅ , )) (6) , : annual interception (mm year -1 ), : annual rainfall (mm year -1 ), ∅ , : a sort of aridity index for interception at annual scale, 0 and 1 : the Bessel function of the first and second order, respectively , = min ( + ( − , ), , )
, : monthly transpiration (mm month -1 ), : carry-over parameter (mm month -1 ), , : the transpiration threshold (mm month -1 ), : slope of relation between monthly effective rainfall and monthly transpiration = ,
: constant coefficient, , : the maximum root zone storage capacity , = 2 (∅ , 0 (2√∅ , ) + √∅ , 1 (2√∅ , )) ( + 1 − (−∅ , ) ( + 1 + ∅ , − ∅ , )) (9) , : annual transpiration (mm year -1 ), ∅ , : an aridity index , = min ( , , )
: the daily interception storage capacity (mm day -1 ) , : the daily potential evaporation, , : annual potential evaporation (mm year -1 ) ≈ = 0.935 + 0.498LAI − 0.00575LAI 2 (11) LAI: Leaf Area Index derived from remote sensing images 
